Ultrasonic welding is a promising technique for joining dissimilar metals. A particular metal combination of interest to the automotive industry is aluminum-titanium. In such welds, performance is often controlled by processes at the interface, including segregation and intermetallic precipitate formation. This study used high-resolution electron microscopy to investigate this in detail. Enrichment of silicon, magnesium, and oxygen were found at ultrasonic welded aluminum/titanium interfaces; however, other alloying elements such as copper and V were not segregated. Surprisingly, in a very short welding time (1.4 seconds),~4 at. pct of Si was found at the Al/Ti interface. The segregated Si distribution varied inversely with that of O and Mg. The residual oxides and the segregated Si on the Al/Ti interface may act as a barrier for Al 3 Ti nucleation and growth. The strong chemical attraction between Ti and Si is probably the driving force for Si segregation to the Al/Ti interface. The presence of discontinuous oxides at the Al/Ti weld interface may deteriorate the mechanical properties of the weld.
I. INTRODUCTION
ULTRASONIC welding (UW) has been widely used for joining dissimilar metals, such as Al-Mg, [1] [2] [3] Al-Steel, [4] [5] [6] Al-Cu, [7] and Al-Ti [8, 9] because its low welding temperature and low energy input avoid the formation of a thick and brittle intermetallic layer at the weld interface. Although the energy input of UW is quite low, brittle intermetallic compounds (IMC) have still often been observed at weld interfaces. [1, 4, [10] [11] [12] Once the coverage and thickness of the IMC layer exceeds a certain level, it becomes detrimental to the mechanical properties of the welded interface. [13] Thus, many studies have investigated IMC formation and growth on dissimilar metal interfaces. [1, 3, 10, 12, 14] However, elemental segregation at dissimilar metal interfaces has received less attention, although this could also have an important influence on a weld's mechanical properties and on IMC growth. Fuji et al. [13] have studied segregation for friction welded titanium-to-aluminum interfaces using transmission electron microscopy (TEM) and energy dispersive X-ray spectroscopy (EDS) elemental analysis. They observed an Al 3 Ti IMC layer formed on the weld interface as well as more than 20 at. pct Si segregated to the interface between the Al 3 Ti intermetallic phase particles and the titanium base metal. The aluminum component of the weld contained silicon and the authors proposed that the Si segregation at the interface retarded the growth of the Al 3 Ti intermetallic layer by acting as a barrier layer for diffusion. [13] In addition, the Al-Ti weld with Si segregation showed better mechanical properties (bend angle) [13] for an identical heat treatment time compared with Al-Ti welds without Si segregation. However, in Fuji et al.'s study [13] (year: 1995), Si segregation was only detected at Al-Ti weld interfaces after heat treatment (873 K, 1 hour and 873 K, 0.1 hour), and no interface Si segregation was observed in the as-welded Al-Ti condition. Therefore, it is still unknown whether silicon or other important alloying elements in aluminum alloys (e.g., Cu, Mg) and titanium alloys (e.g., V) can segregate to the weld interfaces in the short process times associated with solid-state welding processes (e.g., friction welding, friction stir welding, and UW). Furthermore, the dispersion of the surface oxide layers on Al and Ti base metals during UW is also of great interest to the quality of the weld and has not been studied in detail. In this paper, we apply scanning transmission electron microscope (STEM) imaging and nanoscale EDS elemental mapping to investigate the distribution of all alloying elements and oxides at the as-welded UW aluminum-titanium interfaces, providing higher resolution microstructural characterization than has been previously reported.
II. MATERIAL AND METHODS
Thin 6111-T4 aluminum alloy sheets (25 9 75 9 0.93 mm) and TiAl6V4 titanium sheets (25 9 75 9 1 mm) were used for UW in the present study. AA6111 represents the 6xxx aluminum alloy class of technological interest to the automotive industry. A welding time of 1.4 seconds, welding energy of 1967 J, and welding pressure 0.55 MPa were used to produce the AA6111/Ti6Al4V joints. The welds produced were lap spot welds, with the AA6111 sheet on the upper side. The details of the weld macro appearance and the schematic diagram of the UW process can be found in Reference 8. An FEI QUANTA 3D Focused Ion Beam Milling (FIB) system was used for preparing thin foils for transmission electron microscopy (TEM) observation. The system was operated at 30 kV for rough cutting and milling, and 5 and 2 kV for final polishing. The position where the TEM specimens were extracted was shown in a previous paper. [8] Typical Al/Ti interface regions (~1000 nm 9 1500 nm) on the FIB-thinned TEM specimens were selected for STEM-EDS analysis using an FEI Titan G2 80 to 200 scanning transmission electron microscope with ChemiSTEMä technology. A 0.5 nA probe current, a convergence semi-angle of 21 mrad, a 200 kV accelerating voltage, and an HAADF inner semi-angle of 54 mrad were used during operation of the Titan STEM instrument. This instrument has four windowless silicon drift detectors (SDD) integrated into the objective lens (total EDS collection angle = 0.7 srad) and the windowless EDS detector design considerably enhances the detection of the characteristic Xrays of light elements, such as oxygen. The highbrightness X-FEG electron source and the four SDD EDS detectors enable the instrument to have a spatial resolution of better than 0.1 nm for imaging and elemental analysis, with a high signal-to-noise ratio. For example, the ChemiSTEMä technology can realize atomic oxygen mapping in a Sr and Ti oxide crystal. [15] For acquiring EDS data, a 30-ls pixel dwell time and a total acquisition time of 15 to 20 minutes was used. An absorption-corrected Cliff-Lorimer approach within the Bruker Esprit software was used for performing semiquantitative analysis of the EDS data. The TEM specimen thickness was assumed to be 100 to 200 nm.
III. RESULTS AND DISCUSSION

A. Si Segregation on Al/Ti Interface
During the UW process, the Al/Ti interface (AA6111/ Ti6Al4V) experienced a 1.4-seconds welding cycle, with a~520°C peak temperature and severe cyclic high strain rate plastic deformation. [8] In the as-welded condition, no IMC layer was observed on the Al/Ti interface (Figures 1 and 2.[8]:). However, interestingly, Si, Mg, and O enrichment were detected at the interface using STEM-EDS spectrum imaging, as shown in Figures 2 and 3 . Surprisingly, in such a short welding time (1.4 seconds),~4 at. pct of Si was found segregated to the Al/Ti interface ( Figure 4 ). This segregation level is much higher than the concentration in the AA6111 base metal, 0.85 pct. According to a previous study, Si enrichment on the surface of the as-received Al alloys is also not expected. [16] This suggests that the measured Si enrichment on the Al/Ti interface (Figures 2 and 3 ) was formed during the ultrasonic welding process, with Si originally from the interior of AA6111 alloy base metal.
This high local Si concentration was formed in a very short welding time (just 1.4 seconds), which suggests that Si diffusion in the Al alloy during ultrasonic welding process may be greater than expected. In UW, high strain rate severe plastic deformation (SPD) has been previously reported to enhance diffusivity by injecting an enhanced vacancy flux near the weld interface. [17] The measured concentration of Si segregation (~4 at. pct) found in the present study was, however, lower than that previously reported by TEM-EDS [13] in an Al/Ti joint after post-weld heat treatment at 600°C for 1 hour, which measured levels as high as 20 at. pct Si segregation. In Reference 13, the Al base metal only contained 0.12 pct Si, which is much less than the concentration of 0.85 pct Si in the AA6111 aluminum alloy used in the present study. This indicates that the Si segregation on the Al/Ti interface may not have reached saturation equilibrium during the very short UW process. The reason for Si segregation to the Al/Ti interface is likely to be that the affinity between Si atoms and Ti atoms is very strong, stronger than the affinity between Si atoms and Al atoms. [18, 19] The driving force for Si segregation will be discussed further in Section III-E.
From Figures 2(e), (f), and (i), it can be seen that the distribution of silicon on the Al/Ti interface was discontinuous; notably its distribution is largely inverse to that of oxygen and magnesium. This could be because the broken oxide film (containing both magnesium oxide and aluminum oxide) at the Al/Ti interface acts as a barrier, which prevents direct contact between AA6111 alloy and Ti6Al4V alloy, so that the attraction of Ti to Si atoms in AA6111 was blocked. It should also be noted that the observed Si distribution was not absolutely inverse to that of oxygen and magnesium because with a 100-nm-thick foil, there could be Si enriched below or above the residual oxide fragments in the thickness direction of the TEM specimen.
Furthermore, as shown in Figure 2 , no Si segregation was detected on the grain boundaries of AA6111 near the Al/Ti interface. This suggests that the driving force for Si segregation to the Al/Ti interface is much higher than that for Si segregation to AA6111 grain boundaries.
The segregated Si to the Al/Ti interface could act as a barrier between Al and Ti, which could slow down the interdiffusion of Al and Ti and reduce titanium aluminide formation as interdiffusion is the prerequisite for Al-Ti intermetallic nucleation. Thus, this could be one reason for the observation of a lack of an IMC layer at the Al-Ti interface. A much slower IMC layer growth rate was also observed by Fuji et al. due to the presence of Si at the interface. [13] B. Mg and O on Al/Ti Interface From the quantified Mg and O profiles ( Figure 5 ) across the Al/Ti interface, it can be seen there was also approximately 5.5 at. pct Mg segregated to the Al/Ti interface, which is again much more than that is present in the AA6111 Al base metal (0.75 pct). However, this was generally in association with oxygen, with more than 18 at. pct oxygen found at the interface, suggesting that in addition to magnesium oxides, there could also be complex aluminum, magnesium/titanium oxides present at the interface.
According to previous investigations, [20] [21] [22] [23] for commercial aluminum sheet alloys containing Mg, Mg strongly segregates to the surface to become incorporated in the oxide film and the segregation concentration can reach over 10 at. pct. Bloch et al. also found that Mg segregation on the surface of Al alloys greatly enhanced the oxygen adsorption rate at room temperature. [22] Hence, most of the observed Mg and O ''enrichment'' on the Al/Ti interface probably preexisted in the form of the oxide film present on the surface of AA6111 before ultrasonic welding. In addition, preferential oxidation of Mg is expected due to its high activity and could be further increased in the initial abrasion stages of UW, due to the heat generation and the breaking of the original surface oxide layer by the severe friction in UW, i.e., as a result of the exposure of fresh surface generated under the aggressive UW contact conditions before forming a metallurgical joint. For example, Field et al. [24] have found that thick layers of Mg oxide form rapidly on the surface of Al-Mg alloys at temperatures higher than 377°C. As we have previously measured, [8, 9] the peak temperature during Al/Ti ultrasonic welding can reach in excess of 450°C, which could allow rapid formation of Mg oxide on the surface. Figures 2 and 3 also confirm that the distribution of Mg on the Al/Ti interface is coincident with that of oxygen, consistent with the presence of magnesium oxide (or O-rich Mg) originally on the surface of the AA6111 alloy, prior to metallurgical bonding. In addition, the discontinuous distribution of the magnesium oxide suggests that the original surface oxide layer has not been totally removed by the ultrasonic welding process, but was only broken into pieces, as illustrated in Figure 6 . The reason for the surface oxide layer not being totally removed could be that the amplitude of ultrasonic vibration is very small (only~6 lm) compared with the 10 mm wide welded region. A residual oxide layer has also been experimentally observed by Magin and Balle at an ultrasonically welded Al-Ti interface using TEM-Electron energy loss spectroscopy (EELS), [25] and the presence of an oxide layer at the interface in various Al-Ti diffusion couples has also been suggested by some previous investigators. [26, 27] The discontinuous residual oxides (including Mg oxides) on the Al/Ti interface could retard the formation and growth of the Al-Ti reaction intermetallic layer and, consequently, could be another reason for the lack of the formation of a visible IMC layer at the Al-Ti weld interface, as observed in our previous paper. [8] The effect of the residual oxide layer on the IMC layer growth after prolonged heat treatment will be discussed in a forthcoming paper.
Apart from retarding IMC layer growth, the residual discontinuous oxide layer at the Al/Ti weld interface would prevent direct contact between Al and Ti and could potentially negatively affect the final weld mechanical properties. Similarly, residual discontinuous oxides have also often been observed in a similar solidstate joining process, friction stir welding. [28] [29] [30] [31] Here they have been found to influence the fracture path after heat treatment [29] with crack initiation also having been observed to occur along the residual oxide layer. [31] C.
Discussion of the Composition of the Si-Rich Layer
The observed thickness of the Si-enriched layer was 20 to 40 nm (Figure 4) , and the maximum concentration of silicon was in excess of 4 at. pct. This is far in excess of the maximum solubility of Si in either Al or Ti, and thicker than expected for segregation to a discrete interface, meaning that either some silicon precipitation or intermetallic phase formation may be expected at the interface. The morphology of the Si segregation ( Figures 2 and 3 ) also suggests there may be a discrete phase present at the interface, rather than just a segregation layer. The binary Ti-Si phase diagram [32] shows that in the composition range of interest, Ti 5 Si 3 is the most stable intermetallic phase. However, which phase is observed in practice will also depend on kinetic factors and, in particular, the activation energy for nucleation. It has been shown that the activation energy for the formation of TiSi 2 (165.4 kJ/mol) is much lower than that of Ti 5 Si 3 (205.2 kJ/mol), [33] which means TiSi 2 could form more rapidly than Ti 5 Si 3 under the highly transient low-temperature conditions seen in ultrasonic welding. For example, at temperatures below 1270°C, Yeh et al. [33] found that in the solid-state reaction between Ti and Si, TiSi 2 was the dominant final product, rather than Ti 5 Si 3 . To experimentally identify the Si-rich phase, we have attempted to obtain quantified line scans of both Si and Ti across the Si-rich phase region (Figure 4 ). However, due to the limitations of the TEM specimen and EDS analysis, it was difficult to accurately determine the chemical composition of the very tiny Sirich particles seen in Figure 4(a) , as the interaction volume of the incident electron beam through the foil thickness was larger than the size of the nanoscale Sirich particles. As a result, the characteristic X-rays of the surrounding material were also captured when scanned over the Si-rich phase position. Therefore, to more accurately identify the Si-rich phase high-resolution crystallographic analysis will be necessary in the future.
D. Discussion of Si Segregation Kinetics
The accumulation of silicon at the interface requires diffusion from its source in the aluminum alloy and it is therefore of interest to estimate whether a simple diffusion calculation, based on mass balance, and Fick's first law can explain the very rapid attainment of the enhanced silicon concentration observed after UW. Based on the experimental observations, a 20-nm wide silicon-enriched region was considered in this analysis. It was assumed the initial concentration of silicon at the interface was 0.85 pct, which corresponds to the silicon content of the aluminum matrix. The mass balance, as described in Eq. [1] , requires that the amount of silicon gained in the interface layer must be equal to the amount removed from the aluminum matrix. In the common approximation of a linear concentration gradient, mass balance gives the following relationship:
where C i Si is the silicon concentration in the interface layer, C Si is the silicon concentration in the aluminum matrix, 0.85 at. pct, w is the width of the silicon-enriched region, assumed to be a constant value 20 nm, and x D is the required diffusion distance of Si in the aluminum matrix to attain the final concentration at the interface, C i Si . The diffusion distance of Si in the aluminum matrix is approximated by
, where D (2:6 Â 10 À9 cm 2 =s) is the diffusion coefficient of Si [34] in an aluminum matrix at 520°C (~the peak welding temperature), and t is the time at the peak welding temperature. Using this approximation, the relationship between the time over which diffusion occurs (t) and the silicon concentration (C i Si ) in the interface layer can be calculated, as shown in Figure 7 . Figure 7 demonstrates the very rapid increase in Si concentration at the interface that is possible by diffusion at the peak temperature reached during welding. As shown in Figure 7 , only 0.02 s at the peak welding temperature of 520°C is needed to reach the measured concentration of silicon at the interface (~4 at. pct). Although this analysis quite simplistic, and assumes the capacity of the interface to absorb Si is not limited, it is sufficient to demonstrate that it is feasible for Si to enrich to the measured level during the weld thermal cycle (where the material is close to the peak temperature for durations of~0.4 seconds [8] ). These estimates therefore suggest that the enhanced deformation-induced diffusion reported to occur in the interface region for UW is not necessary to obtain the level of Si interface segregation observed.
E. Discussion of the Driving Force for Segregation
Next we will examine the driving force necessary for interface segregation to occur. According to thermodynamic theory, the greater the absolute value of negative enthalpy chemical of mixing (DH mix XÀY ) between an element X and element Y, the more chemical attraction there is between them. Thus, in the case of present study, for solute atom A in matrix B, if the negative value of chemical enthalpy of mixing between A and the other matrix C (DH mix AÀC ) (which shares an interface with matrix B) is smaller than DH mix AÀB , solute atom A will segregate to the matrix B/matrix C interface, which leads to lower system free energy, as illustrated in Figure 8 .
The enthalpies of chemical mixing DH mix XÀY between the alloying elements (Si, V, Cu, Mg, Fe) and the matrices (Al, Ti) reported in the literature are listed in Table I .
It can be seen that in all combinations, DH mix TiÀSi has the lowest value (À 66 kJ/mol), and much lower than that of DH mix AlÀSi (À 19 kJ/mol). Thus, there is a strong driving force for Si to segregate to the Al/Ti interface from the AA6111 base metal.
In comparison, for V, DH mix TiÀV is much lower than DH mix AlÀV , so V in Ti6Al4V is not expected to segregate to the Al/Ti interface, which is in agreement with the experimental observation, as shown in Figures 2 and 3 .
Similarly, there is also no driving force for Mg segregating to the Al/Ti interface (DH mix TiÀMg > 0 > DH mix AlÀMg ); this further supports the conclusion that the observed Mg segregation to the Al/Ti interface was not due to the attraction by Ti, but was due to prior oxidation of Mg at the surface of Al. [20] [21] [22] [23] Using a similar argument, judging from the chemical mixing enthalpies DH mix XÀY , Cu, Fe, and Mn would be expected to segregate to the Al/Ti interface from Fig. 7 -The calculated relationship between diffusion time and silicon concentration at the interface layer (for a temperature corresponding to the peak welding temperature of 520°C). [19, 35, 36] thermodynamic considerations alone. However, none of these elements were observed segregated to the interface, as shown in Figure 9 . This is probably because the diffusion rates of Cu, Fe, and Mn in Al (see Table II ) are relatively slow compared with Si, which has a much smaller atomic size (Table III) , since the welding time was very short, only 1.4 seconds, during which the temperature reached~500°C. In addition according to Table I , the driving force for Cu, Fe, and Mn moving to the interface is much lower than that for Si, which could be another reason for their not being observed to segregate at the interface. It should be noted that in Figure 9 , although in the EDS data it looks like there was more Cu, Fe, Mn uniformly distributed on Ti side of the joint, this is likely to be an artifact caused by the higher atomic number and greater Bremsstrahlung scattering of the Ti matrix compared to Al.
IV. CONCLUSIONS
In the dissimilar ultrasonic welding of Ti6Al4V to AA6111, strong enrichment of silicon, magnesium, and oxygen was found at the as-welded joint interface. In contrast, other alloying elements present, such as Cu and V, were not found segregated to the interface. By high-resolution STEM-EDS analysis,~4 at. pct of Si was found at the Al/Ti interface, distributed in a noncontinuous discrete layer~20 nm wide. A simple diffusion model has been used to demonstrate that this layer can potentially form during the rapid UW weld cycle (< 1.4 seconds) even without the requirement of enhanced diffusion, but may also be facilitated by the high strain rate severe deformation generated by the UW process.
It was also interesting to observe that the distribution of segregated Si varied inversely with that of oxygen and magnesium. The observed Mg and O ''enrichment'' at the Al/Ti weld interface probably originates from residual oxide arising from the broken up oxide film originally on the surface of the AA6111 sheet before ultrasonic welding, due to preferential oxidation of Mg. The lack of observation of any intermetallic reaction in this weld couple, despite the high driving force for forming titanium aluminide phases, suggests that residual oxides and the segregated Si layer at the Al/Ti interface are able to act as a diffusion barrier preventing intermetallic reaction and the nucleation and growth of the Al 3 Ti IMC layer.
The strong chemical attraction between Ti and Si, which is characterized by a large great negative enthalpy of chemical mixing between Si and Ti DH mix TiÀSi (À 66 kJ/mol) is probably the driving force for Si segregation to the Al/Ti interface. It is, however, yet to be determined, if the residual discontinuous oxides at the Al/Ti weld interface and Si-rich layer negatively affect the weld's mechanical properties. [34] 
Element
Si Cu Fe Mn Diffusion Coefficient (cm 2 /s) 1.5 9 10 À9 5.9 9 10 À10 3.9 9 10 À11 7.5 9 10 À13 
